Abstract.
A model of the muscle ®bre extracellular action potentials (ECAPs) calculation using experimentally recorded intracellular action potentials (ICAPs) has been applied to investigate the eect of repetitive stimulation on the electrical activity of isolated frog muscle ®bres. The ECAPs were calculated both at small (0.01 mm) and at large (5 mm) radial distances to the ®bre axis, and their relationship with the original ICAP parameters has been inferred. Fourier transformation of the calculated ECAPs in order to obtain the spectral characteristics and to trace out their behaviour during continuous ®bre activity was performed. Stimulation frequency dependence on the ECAP time characteristics and on the shift of the maximum spectral density towards low frequencies at small and large radial distance were observed. The spectral density peak frequency is propagation velocity (PV)-dependent. The advantage of the presented method over the available experimental extracellular recording techniques from isolated muscle ®bers is the possibility to show the eect of continuous muscle ®bre activity on the parameters of the ECAPs and their spectral characteristics at large radial distance, which is not experimentally accessible. Our results are in agreement with those experimentally obtained. The results from the model prove the role of changes in PV of excitation along the muscle ®bres (representing the last link in the complex organized motor system) in the development of fatigue.
Introduction
The following sequence of events form the three main links (units) of the complex organized motor system: central command with activation of a-motoneurones (i), conduction of the excitation down to the neuromuscular junction (ii), and depolarization of the surface muscle ®bre membrane, initiation and propagation of the action potential into the transversal tubules and to the ®bre ends (iii), Skeletal muscles as``motors'' which are able to convert chemical energy into mechanical work have a serious weakness: their performance deteriorates with prolonged activity, resulting in a decreased power output. Thus, in most cases fatigue, de®ned usually as an inability to maintain or regenerate the original force, is localised in the muscle itself. The slowing of the relaxation as a feature of muscle fatigue results in a reduction of activation frequency without any appreciable loss of force (Jones 1981; Mannion and Dolan 1996) . The fatigue-related decline in the action potential amplitude leads to incomplete activity and loss of force (Fuglevand 1995) . Intra-and extracellular recordings of single muscle ®bres have shown the sarcolemmal action potential amplitude decrease and an increase of the time parameters during prolonged activity (Metzger and Fitts 1986; Radicheva et al. 1986; Balog et al. 1994) and their stimulation frequency and ®bre stretch dependence (Radicheva et al. 1986 (Radicheva et al. , 1994 Mileva and Radicheva 1996) . Electromyographical (EMG) power spectral statistics are extensively used to monitor muscle fatigue. The power spectral density of the myoelectric signal undergoes frequency compression during fatigue (LindstroÈ m et al. 1970; Stulen and De Luca 1981) . The distribution of spectral power between the dierent frequencies of the EMG power spectrum obtained from the whole muscle corresponds to the frequency distribution of the power in the action potentials of the individual muscle ®bres of which it is composed. The power spectral shifts observed during fatigue could be attributed to a progressive slowing of conduction velocity, which leads to prolongation of the ®bre action potential wave form (LindstroÈ m 1970; LindstroÈ m et al. 1970; Mortimer et al. 1970; Gath and StaÊ lberg 1975) .
The single ®bre recording technique has permitted selective recording from single muscle ®bres in humans in situ (Ekstedt 1964; StaÊ lberg 1966) . Nevertheless, experiments with isolated muscle ®bres are a useful model for experimental and clinical EMG where surface-recorded potentials are usually interpreted. The registration of the extracellular potential ®eld of active isolated muscle ®bre is limited to 3 mm from the ®bre axis (Gydikov et al. 1986a ). Due to the low potential amplitude and unfavourable signal-to-noise ratio, there are no experimental data available at larger radial distances at which motor unit (MU) potentials are registered by means of the surface EMG methods. These data are of interest since the shape of the MU action potential is similar to that of the single muscle ®bre extracellular potential at large radial distances (Gydikov 1992) . Therefore, it is worth performing model investigations to predict the changes in dierent muscle ®bre extracellular potential characteristics at large radial distance from the ®bre axis during the long-lasting activity.
The present study aims to verify the applicability of a previously described model for numerical calculation of muscle ®bre extracellular action potentials (ECAPs; Slavcheva et al. 1996) to the experimental set-up when the ICAPs have been recorded during continuous activity elicited by repetitive stimulation with dierent frequencies of the stimulus pulses. To do this, we studied (i) the dependence of the calculated ECAP parameters on the parameters of the experimentally recorded intracellular action potentials (ICAPs) during continuous activity; (ii) the time and spectral characteristics of the ECAPs both at small and large radial distances; (iii) the time and spectral characteristics of ECAPs depending on the stimulation frequency.
Materials and methods
Bundles of frog muscle ®bres isolated from the gastrocnemius muscle as previously described (Gydikov et al. 1986b) were extracellularly stimulated with three stimulation frequencies: f 1 5 Hz, i.e. interstimulus interval (ISI) 200 ms, f 2 6.7 Hz, ISI 150 ms, and f 3 10 Hz, ISI 100 ms, during 3-min trials (series). The pauses between the trials lasted 2 or 3 times longer than the trial itself in order to achieve complete recovery, estimated by the potential parameters and the propagation velocity of the excitation at the beginning of the trial.
The ICAPs were recorded by conventional microelectrode technique. The position of the electrode during recording was located by ocular micrometer scale-net of a travelling microscope between two markers. The distance between them (the poles of the stimulating electrode and microelectrode tip) was measured in mm and referred to further as d. It was used for propagation velocity (PV) calculation. The ICAPs recorded during the trials were stored on video tapes and were sampled at 25 kHz by a 12-bit analog-todigital CED 1401 (Cambridge Electronic Design). The program Spike2 was used for data acquisition. A program was developed in its environment for extracting de®nite potential from the series at an arbitrary time moment of the record and for determination of its amplitude and time parameters (summarized in Table 1 ). The calculation of the ECAPs from the experimentally recorded ICAPs was performed in accordance with the model and its numerical implementation as described in Slavcheva et al. (1996) . A program for determining the ECAP parameters (summarized in Table 2 ) has been developed. The spectral analysis is performed using standard single series Fourier analysis program with Hamming smoothing data window.
Six ICAPs from each of the three series (with stimulation frequencies f 1 , f 2 and f 3 ) were selected for analysis. Due to the diering duration of the continuous activity according to the stimulation frequencies, the ICAPs were extracted from the records at equidistant time intervals as follows: 30 s at ISI 200 ms, 10 s at ISI 150 ms and 5 s at ISI100 ms.
The parameters of the ICAPs and ECAPs considered are shown in Fig. 1 . In order to estimate the changes in the ICAP parameters induced by the repetitive stimulation, we have introduced a uniform time window within which all potentials in the set have been restricted. The width of this time window has been de®ned for the ®rst ICAP in the series as the time interval w between the onset of the potential and the ®rst minimum of its repolarization phase. Thus, the results re¯ected the parameter alterations at equal potential duration during the determined time interval.
We have adopted the PV de®nition as a ratio between the distance d, de®ned above, and the time interval C t , measured from the end of the stimulus artifact to the maximum ICAP depolarization (PV d/C t ) (Bigland-Ritchie et al. 1981) , which means that the velocity of membrane depolarization processes is incorporated.
Modelling and computational considerations
The computational method employed for calculating the time dependence of the extracellular potential at a given Fig. 1 . Experimentally recorded ICAP and calculated ECAP with their parameters. ICAP: A, amplitude; MP, membrane potential; Rt, rising time; time interval between the peak in the depolarization phase and the potential rise at a level 10%A; w, time window de®ned for the ®rst ICAP in the series as the time interval between the onset of the potential and the ®rst minimum of its repolarization phase; s w time interval between the maximum in the depolarization phase and the end of w; C t , the so-called conduction time of the excitation; NAP, negative afterpotential measured as the amplitude between the ®rst minimum of the repolarization phase and the base line. ECAP: time interval between the positive and negative maximum (T 1 ), time interval between the interception points of the negative phase with the baseline, i.e. the negative ECAP's phase duration (T 0 ), and time interval between the maximum of the negative phase and the peak of the second positive phase (T 2 ) point follows the procedure described in our previous work (Slavcheva et al. 1996) . The basic concept used to interrelate the extracellular to the experimentally registered intracellular potential is the line-source model implemented to a semi-in®nite cylindrical ®bre with a conical end immersed in an isotropic and homogeneous volume conductor (Plonsey 1974) . The conical taper model of the ®bre end was proposed in Trayanova (1983) . The main assumptions of the model implemented in the present work (as well as in the previous one) are of a propagation velocity which is proportional to the ®bre radius (experimentally con®rmed by HaÊ kanssoÂ n 1956) and of a quasistationary propagation mode of the ICAP along the ®bre, i.e. the PV at a point of the cone at a certain radius is equal to the PV along the cylindrical ®bre with the same radius. These assumptions lead to a relation between the co-ordinates of the ICAP along the ®bre with respect to the moving co-ordinate system (attached to the ICAP) and the resting co-ordinate system with an origin at the apex of the cone [see (6), Slavcheva et al. 1996 ] which in turn modi®es the argument of the ICAP and the co-ordinate-dependent weighting function in the conical region [ (5) ibid]. The assumption of a propagation velocity proportional to the ®bre radius together with the conical geometry of the ®bre end lead to linear dependence of the propagation velocity on the distance within the conical taper end, i.e. PV changes linearly from a value corresponding to the middle cylindrical segment of the ®bre up to zero at the ®bre end. The main theoretical consequence of the model is the unchanged shape of the ICAP in the time domain, even when it enters the taper. This is in agreement with the experimental data (Falck and Fatt 1964; Katz and Miledi 1965; Adrian et al. 1970; Gydikov et al. 1986b ).
On the other hand, morphological studies of skeletal muscle ®bres (Schwarzacher 1960 ) reveal gradual changes of the radius of the cylindrical part of the ®bre as well as changes in the shape of ECAP when passing into a terminal part decreasing to zero (Gydikov et al. 1986b) . These experimental studies allow us to claim that the above model is adequate for the object of investigation.
The model investigation of the registered signals proceeds as follows. The equidistant ICAPs are extracted from the time record during acquisition, giving a set of potentials presented in Fig. 2 at the three frequencies of stimulation. The data are ®tted as a function of distance along the ®bre axis within the above de®ned time window using the approximation function introduced in Slavcheva et al. (1996) . The space distribution of each ICAP in the series is obtained using the corresponded PV during continuous activity computed according to the procedure described in the previous section. The ®rst derivative of the space distribution of the ICAP is directly substituted in the (4), Slavcheva et al. (1996) , in order to obtain the time distribution of the extracellular potential at an axial distance of z 17 mm (far from the ®bre end and from the site of stimulation, i.e. the arti®cial end plate) and two radial distances, correspondingly r 0.01 mm (i.e. small radial distance) and r 5 mm (large radial distance) from the ®bre axis.
The calculated ECAPs are further processed in order to obtain the Fourier spectra and perform spectral analysis. The spectral density is computed by smoothing the periodogram values, using the Hamming moving average window. By smoothing the periodogram it is possible to identify the general frequency regions, consisting of many adjacent frequencies (or spectral densities) that signi®cantly contribute to the overall periodic behaviour of the series. The weights for the weighted moving average of the periodogram values are computed according to the formula:
where, p 
Results
The pattern of muscle ®bre activity during the trials depended on the stimulation frequency and the type of the ®bre. These factors determined the duration of the period of continuous activity which was followed by intermittent activity. Slow muscle ®bres had a longer duration of continuous activity than fast muscle ®bres (Mileva and Radicheva 1996) . We studied the in¯uence of repetitive stimulation on the continuous activity of slow muscle ®bres, which was 150±180 s at stimulation with ISI 200 ms. The ICAPs shown in Fig. 2 were extracted from uninterrupted records at equidistant time intervals of 30, 10 and 5 s, respectively, during the period of continuous activity. With increasing stimulation frequency, the time duration of continuous activity becomes shorter (it was 50 s at ISI 150 ms and 25 s at ISI 100 ms).
The ECAPs are calculated at an arbitrary axial position (z 17 and 0 mm from the ®bre end) which is of importance for the potential shape. In contrast, the ICAP shape does not depend on the axial distance from the ®bre end (Gydikov et al. 1986b) , and therefore no correspondence between the time axis of the ICAP and the ECAPs in the ®gures presented is required. The calculated ECAPs at small and large radial distances are shown in a three-dimensional plot (Fig. 3) as a function of its time position in the series. The decrease of the amplitude and the increase of the time duration of the ECAPs during continuous activity are clearly observed both at small and large radial distances. The shape of the sixth ECAP at small radial distances at ISI 200 ms and ISI 150 ms is distorted, especially the ®rst positive phase (Fig. 3a,b, top) , because of the greater increase of the ICAP latency, shift of the baseline and decrease of the ICAP amplitude. Consequently, the exact determination of the onset of the experimentally registered potential was uncertain. At large radial distances the ICAP repolarization phase contributes more to the ECAP shape and especially to the terminal positive phase (Fig. 3a,b ,c, bottom), visible only at large radial distances (Dimitrov and Dimitrova 1979; Gydikov et al. 1986a; Slavcheva et al. 1996) . During longlasting activity the low amplitude and increased duration of the terminal positive phase realistically re¯ects the eect of the slow ICAP repolarization phase as well as its slow and small depolarization. The parameters determined from the experimentally recorded ICAPs and the ECAPs calculated at small radial distance are summarised in Tables 1 and 2 , respectively. The values of the sixth ECAP parameters are not given for the reasons described above concerning mainly the ®rst positive phase.
As can be seen from Table 1 , the absolute value of NAP tends to increase (especially in the ®rst 3±4 potentials in the set) during continuous activity, while the ICAP amplitude decreases (7.8, 7.7 and 10.9 times, respectively) with the stimulation frequency increase. The ratio NAP/A increases monotonously, and for the last potential in the series it was approximately 6 times its initial value at all the stimulation frequencies considered because of the continuous activity shortening with ISI decrease.
It could be seen that at ISI 200 ms, 150 ms and 100 ms PV decreases, while Rt increases. The duration of s w , limited within the previously determined time window, decreased with an increase in Rt. It is clear that the parameters most strongly changed are the ICAP ones upon stimulation with ISI 200 ms due to the longest duration of continuous activity (150 s) compared with that at ISI 150 ms (50 s continuous activity) and ISI 100 ms (25 s).
As can be seen from Table 2 , the relative increase of the time parameter T 1 at all stimulation frequencies is about 5±6.7 times, which is greater than the relative increase of the other two parameters, T 0 (1.5±1.9 times) and T 2 (about 1.2 times). The second positive phase (T 2 ) is hardly experimentally detectable in cases when PV does not exceed 1 m/s, which could explain the decrease of the T 2 values in the last potentials. Moreover, T 2 is often absent, and the potential is biphasic (positive and negative phases).
The resulting spectral density upon the three stimulation frequencies under examination corresponding to ISI 200 ms, 150 ms and 100 ms are shown in Fig. 4 . Upon increasing the stimulation frequency, the spectral density peak at small radial distances from the ®bre axis (Fig. 4a,b,c, top) shifts towards the low frequencies. At ISI 200 ms this shift is more pronounced after the ®rst minute of continuous activity, which is accompanied by an abrupt decrease of spectral density peak amplitude (Fig. 4a, top) . At large radial distances a shift towards low frequencies and decrease of the spectral density peak is observed (Fig. 4a, bottom) . A monotonous decrease of the spectral density and lowfrequency shift during continuous activity is observed at small radial distances as well as at large radial distances at ISI 150 ms. The most pronounced lowfrequency displacements and non-monotonous decrease in spectral density peak amplitude both at small and large radial distances are achieved at the stimulation frequency with ISI 100 ms.
The plot of the spectral peak frequency shift for ECAPs at a small radial distance as a function of the continuous activity, here de®ned as endurance time, is presented in Fig. 5 . As can be seen from the slope of plots, the given maximum frequency shift is achieved more rapidly at higher stimulation frequencies (Fig. 5, 2 and 3) for a shorter endurance time.
In order to reveal more clearly the eect of the continuous activity on the ECAP spectral characteristics, the experimental intracellular potential records of four different ®bres at a chosen ISI 200 ms were processed, and the corresponding Fourier spectra of the calculated ECAPs computed and subsequently averaged at two radial distances from the ®bre axis. The spectral density peak amplitude decreases both at small and large radial distances from the ®bre axis (Fig. 6a,b) . The shift towards lower frequencies during long-lasting activity is monotonous, and the low-frequency shift of the spectral peak is not so abrupt and substantial compared with those at higher stimulation frequencies. The maximum frequency bandwidth is larger ($ 2X4 kHz) than that corresponding to the individual ®bre bandwidth (Fig. 4a) . A linear dependence between the spectral peak at small radial distances and the propagation velocity was found (Fig. 6c) .
Discussion
The chosen experimental and model approaches turned out to be appropriate for studying the in¯uence of continuous activity provoked by dierent stimulation frequencies on the time and spectral characteristics of extracellular muscle potentials at small and large radial distances from the ®bre axis. The pattern of muscle ®bre activity, PV as well as the amplitude and time parameters of the ECAPs at small radial distance have been experimentally studied (Radicheva et al. 1986 (Radicheva et al. , 1994 Mileva and Radicheva 1996) . The present results are in good agreement with these data. The ECAPs at large radial distance have a very characteristic shape, with a clearly observed terminal positive phase which during continuous activity becomes asymmetric, similar in shape to the corresponding ICAP, but with opposite sign with respect to the baseline (Dimitrov and Dimitrova 1979; Slavcheva et al. 1996) . The increase of the (Fig. 3) show the PV decrease. The changes in calculated ECAPs at large distance and their relation with the corresponding experimentally obtained ICAPs during continuous activity could be used to explain the similar changes in the MU potentials studied in the contemporary EMG. As shown, the time interval T 1 at small radial distances was the parameter most greatly aected since it re¯ects the increased duration of the ICAP depolarization and the initial fast repolarization accompanied by PV decrease. These changes were mostly pronounced at the lowest stimulation frequency due to the prolonged period of continuous activity. With an increase of the stimulation frequency, almost the same changes were achieved for 3 to 20 times shorter continuous activity. Two aspects of the changes in the ECAP's spectral characteristics were studied: induced by long-lasting activity and as a function of stimulation frequency. The low-frequency compression of the power density spectrum in the presence of fatigue is a welldocumented phenomenon (LindstroÈ m 1970; LindstroÈ m et al. 1970; Stulen and De Luca 1981; Merletti et al. 1990 ). The spectral shifts are mainly due to the slowing in the muscle ®ber PV. According to some authors the relationship between the reduction of the frequency and PV is proportional (LindstroÈ m 1970; Gath and StaÊ lberg 1975; Arendt-Nielsen and Mills 1988) . Our results con®rm these ®ndings. In addition, they reveal that with an increase of stimulation frequency, the shift to the lower frequencies is more pronounced and time-dependent (shown in Fig. 5 , where the duration of continuous activity is called endurance time). At large radial distances the compression of the power spectrum towards low frequencies is more strongly expressed, probably due to the stronger eect of PV on ECAP parameters (Dimitrov and Dimitrova 1996) . The demonstrated linear dependence between PV and spectral density peak at small radial distances remains valid also at large radial distances. The increase of stimulation frequency implies a non-monotonous decrease in spectral density peak and a low-frequency shift. Fatigue in skeletal muscle is associated with characteristic changes in the power spectrum, namely increased low-frequency activity and high-frequency decay. The spectral characteristics are related to ECAP changes induced during continuous activity, which is proof that the spectral shift primarily re¯ects peripheral intrinsic muscle properties (Mills 1982; Kranz et al. 1983 ). Access to physiological data within the muscle shows time-dependent changes of processes related to sodium and potassium ion concentration shifts during high-frequency-induced continuous activity. They aect the muscle ®ber membrane properties, the parameters of muscle ®ber action potential and, in turn, the myoelectric signal leading to myoelectric muscle fatigue that is distinct from the mechanical one. Thus, the last, eectory link (muscle ®bre) in a highly organized motor system very often becomes the principal locus for fatigue development and may regulate the motoneurone ®ring rate according to the so-called sensory fatigue hypothesis (Bigland-Ritchie et al. 1986) .
Conclusions
This model study of the ECAP parameters based on the analytical function approximating the experimentally recorded ICAP during continuous activity is an appropriate approach for investigation of the induced changes in potential parameters. The model describes correctly the ECAPs and their spectral characteristics both at small and large radial distances from isolated, repetitively stimulated muscle ®bers, which is evident from the good correspondence of the model results with experimentally obtained data. The resulting changes in the ECAP parameters and their spectral characteristics at large radial distances could be used for precise evaluation of MU potentials recorded under the same conditions of the EMG investigations. The stimulation frequency-dependent changes in muscle ®bre membrane properties lead to a change in PV, which determines the time and spectral characteristics of bioelectrical muscle activity. Muscle fatigue causes changes, considered as the possible mechanism underlying the control of processes at a higher level. In isolated muscle ®bre, where no restrictions are imposed by the central nervous system, the failure of activation is a perfect mechanism of regulation preventing the cell from damage during long-lasting activity.
